During protein synthesis, elongation factor G (EF-G) binds to the ribosome and promotes the step of translocation, a process in which tRNA moves from the A to the P site of the ribosome and the mRNA is advanced by one codon. By using three-dimensional cryo-electron microscopy, we have visualized EF-G in a ribosome-EF-G-GDP-fusidic acid complex. Fitting the crystal structure of EF-G-GDP into the cryo density map reveals a large conformational change mainly associated with domain IV, the domain that mimics the shape of the anticodon arm of the tRNA in the structurally homologous ternary complex of Phe-tRNA Phe , EF-Tu, and a GTP analog. The tip portion of this domain is found in a position that overlaps the anticodon arm of the A-site tRNA, whose position in the ribosome is known from a study of the pretranslocational complex, implying that EF-G displaces the A-site tRNA to the P site by physical interaction with the anticodon arm.
The elongation cycle of prokaryotic protein synthesis on the ribosome involves two elongation factors (EFs), EF-Tu and EF-G. EF-Tu delivers aminoacyl tRNA to the A site of the elongating ribosome, as part of the aminoacyl-tRNA-EF-Tu-GTP ternary complex, and EF-G promotes the translocation step, in which the A-and P-site tRNAs move to the P and E sites, respectively, and mRNA is advanced by one codon. Both EF-related events are accompanied by GTP hydrolysis. Furthermore, the intrinsic GTPase activity of both EF-Tu-GTP and EF-G-GTP is stimulated by the empty ribosome (1, 2) and by the tRNA-bound ribosome (3, 4) . Whether the energy liberated in GTP hydrolysis is used directly for tRNA binding and translocation or for the release of the factors is not well understood. However, in a recent study, it has been proposed that it is the hydrolysis of GTP by EF-G that drives the translocation step (5) .
In the present study, we present the three-dimensional (3D) binding position of the EF-G on the Escherichia coli 70S ribosome. Earlier immunoelectron microscopic (6) and chemical cross-linking (7) studies suggested that EF-G interacts with both subunits (30S and 50S) of the ribosome. These studies also suggested the tentative binding position of the EF-G on the ribosome. We have obtained a 3D cryo-electron microscopy map of the ribosome-EF-G-GDP-fusidic acid complex at 20-Å resolution and inferred the precise location of EF-G on the ribosome. To stablilize the ribosome-EF-G complex for cryo-electron microscopy, we used fusidic acid, an inhibitor of the translational elongation cycle that binds to the ribosome-EF-G-GDP complex and prevents the dissociation of EF-G from the ribosome (8) . Because of its high occupancy, EF-G is directly visible in our 3D cryo map. A detailed comparison of the cryo electron microscopy mass attributable to EF-G with the crystal structure of EF-G-GDP (9, 10) reveals the 3D interaction sites between the ribosome and the various domains of the EF-G. Most interesting is the observation that the position of domain IV of the EF-G overlaps with the anticodon arm of the A-site tRNA (11, 12) .
MATERIALS AND METHODS
Tight-coupled 70S ribosomes from E. coli MRE 600 and EF-G from its 100,000 ϫ g supernatant were isolated as described by Burma et al. (13) , except that the EF-G preparation was subjected to one additional step of purification by sizeexclusion chromatography on Sephacryl S-200 (Sigma). The homogeneity of EF-G preparation was checked by PAGE. Both ribosomes and EF-G preparations were dialyzed in buffer containing 20 mM Tris⅐HCl (pH 7.5), 6 mM MgCl 2 , 150 mM NH 4 Cl, 2 mM spermidine, 0.4 mM spermine, and 5 mM 2-mercaptoethanol. The ribosome-EF-G-GDP-fusidic acid complex was prepared in 100 l of the same buffer by incubating activated 70S ribosomes (0.032 M) with EF-G (0.8 M) and GTP (15 M) at 37°C for 7 min and continuing the reaction for another 5 min after the addition of fusidic acid (0.5 mM). The complex was immediately applied to the electron microscope grid for cryo grid preparation and electron microscopy.
Micrographs were recorded as two defocus groups, at 1.67 m and 1.00 m, by using the low-dose protocol (10 e Ϫ ͞Å 2 ) on a Philips EM420, equipped with low-dose kit and a GATAN (model 626) cryo transfer holder, at a magnification of ϫ52,200 (Ϯ2%) as checked by a tobacco mosaic virus standard. Micrographs were checked for drift, astigmatism, and the presence of Thon rings by optical diffraction and scanned on a Perkin-Elmer PDS 1010A microdensitometer with a step size of 25 m corresponding to 4.78 Å on the object scale. For 3D reconstruction, a total of 3,237 ribosomes in the 1.67-m group and 4,326 ribosomes in the 1.00-m group were selected from a total of 25 micrographs by an automated selection procedure (14) , and particle candidates were directly compared with the reference set of 87 quasi-evenly spaced projections (15) of an existing best-resolution reconstruction. For each defocus group, one step of the 3D projection alignment procedure (15) was applied and the merged contrast transfer function (CTF)-corrected structure was computed as described (16) . Starting each time with the CTF-modified reconstruction of the previous step, this refinement was repeated five times with a 2.0°angular step. The final resolution was 20 Å as estimated with the Fourier shell correlation with a cutoff value of 0.5 (17) . The occupancy of EF-G was estimated by comparing the average densities within L1 protein regions with the region corresponding to EF-G. By using as a reference the known density of the surrounding ice, the EF-G occupancy was calculated as Ϸ96%. The region corresponding to EF-G was
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separated by using the envelope of the 70S ribosome without EF-G.
To check the reproducibility of the reconstruction, we made an attempt to compute two maximally dissimilar structures derived from the same data set. We divided the available set of ribosome images into halves based on the values of the cross-correlation coefficient between the experimental images and projections of the reconstruction. For the two subsets we calculated the corresponding 3D volumes, which served as seeds in an iterative procedure in which the ribosome projections were dynamically reassigned to one of two possible classes based on their similarity to the updated volumes. After reaching a stable projection assignment the two final volumes were compared and it was verified that the density mass interpreted as domain IV occupied the same position, within an angstrom. The bias in these two reconstructions revealed itself in a number of minor differences in the overall density distribution, but none have any impact on the conclusions about the domain's positions.
RESULTS AND DISCUSSION
Because of the high (Ͼ95%) occupancy of the EF-G, it is directly visible in our 3D cryo map ( Fig. 1 ). Five sites of interaction with the ribosome are observed: three on the 50S subunit, all located on the base of the L7͞L12 stalk, and two sites on the 30S subunit, at the junction of the platform and neck and in a region on the lower body. Most notable is the binding position of an arm-like structure in the neck region, at the origin of the platform, near the anticodon binding region of the A-site tRNA (11, 12) .
Comparison of the x-ray structure of the EF-G-GDP complex of Thermus thermophilus (9, 10), which consists of five domains (numbered I-V: domain I is presented as two subdomains, the GTP binding core G domain and an insert GЈ domain; see ref. 10) , to the density mass attributable to EF-G shows a close match in overall size and shape (Fig. 2) and reveals a significant conformational change of EF-G in the ribosome-bound state. Domain IV, in conjunction with domains III and V, represents a substructure that mimics the tRNA portion of the ternary complex (19) . By itself, domain IV with its elongate shape mimics the anticodon arm of tRNA (19) .
We took three approaches in an attempt to obtain the best fit of the x-ray structure (9) into the EF-G density map: (i) by aligning the x-ray structure into the density map to achieve a best overall fit (because the EF-G visible in the density map is elongated compared with its x-ray structure, this approach gives a poor fit, with a cross-correlation value of 0.72); (ii) by using domains I and II of the x-ray structure as the main guide, which leads to serious misalignment in the arm-like region associated with domain IV ( Fig. 2A ) and decreases the crosscorrelation value to 0.67; and (iii) by keeping domains I and II at the same position, as obtained from the second approach, but moving an entire substructure formed by domains III-V (Fig. 2B ). This third approach yields a cross-correlation value of 0.81 and thus provides the best explanation of the density map. Although the structure of domain III is only partially defined by x-ray crystallography (see ref. 20) , the structure obtained by modeling (9) fits very well into our EF-G density map (Fig. 2B) .
Sequence analysis of EF-G from fusidic acid-resistant mutants (21) shows that amino acid residues responsible for fusidic acid binding are present in the GTP binding core G domain, as well as in domains III and V. The variant of the EF-G-GDP structure obtained by the joint fitting of domains III-V into the cryo map (Fig. 2B ) may represent a transient conformation of the ribosome-bound factor that follows GTP hydrolysis and is prevented from assuming the conformation of the unbound factor by the binding of fusidic acid. It is also possible that the crystal structure, because of involvement of crystal packing forces, represents a nonphysiological conformation of EF-G (9). The structure of the GTP form of EF-G and the way it might be affected by GTP hydrolysis in the ribosome-bound state are unknown. However, a conformational change corresponding to that seen between the GTP and GDP forms of EF-Tu (22) does not appear to take place in the case of unbound EF-G (20) .
The fit between the x-ray structure and the density map attributable to EF-G (Fig. 2B) shows that the tip of domain IV makes contact with the inner edge of the origin of the platform in the immediate vicinity of the proposed mRNA channel (18) and in close proximity to the head of the 30S subunit. This is the region where the anticodon arm of the A site tRNA is situated (11, 12) . EF-G is known to form a cross-link with the S19 protein (7), which is mapped in the head region of the 30S subunit (23) , and it is likely that this cross-link involves domain IV. Domain II also makes contact with the 30S subunit (Figs.  3A and 4) , in the vicinity of proteins S4 and S12 (23), of which the S12 protein is known to form a cross-link with EF-G (7, 25). The EF-G contact with the 50S subunit, in the region of the L7͞L12 stalk base (see Fig. 1A ), is made through its domains I (core G and insert GЈ) and V (Figs. 3A and 4) . The core G domain of EF-G is a structural homolog of the G domain of EF-Tu, which is a conserved feature of the GTPase superfamily (see refs. 9, 10, and 19), whereas the insert portion of domain I of EF-G has no counterpart in EF-Tu (9, 10, 19) . The fitting of the x-ray structure reveals that the GDP-binding region of the G domain (9) touches a point at the lower part of the stalk base, whereas the GЈ domain connects with a protrusion closer to the stalk, along a thin arc-like structure (Figs. 1B and 3B) . A similar connection seen in the ternary complex was interpreted as a bridge between the C-terminal end of the L7͞L12 stalk and the G domain of EF-Tu (24) . However, because the stalk is composed of four copies of L7͞L12 protein (25) , and in our map it is a well-extended separate feature, whose C-terminal domains are located at its tip (25) , the arc connection probably involves the C-terminal domain of one of the folded L7͞L12 molecules (26) . Domain V, which is important for ribosome binding of EF-G (27), touches and fits into a structurally complementary groove region at the base of the stalk (Figs. 3 and 4) . In addition to protein L7͞L12, EF-G is known to form cross-links with proteins L6, L14, and L31 (7, 25) present at the base of the stalk. Because the stalk is highly mobile (25, 28) and implicated in both factor binding and translocation (25, 28, 29) , its appearance as a well-delineated structure at the moment frozen by fusidic acid binding could indicate that its movement is precisely controlled and choreographed in the course of the translocation process.
The 2,660 loop, one of the universally conserved nucleotide regions of 23S rRNA of the 50S subunit, is the binding site of ribotoxins, ␣-sarcin and ricin, which abolish all EF-dependent functions of both prokaryotic (30) and eukaryotic (31) Proc. Natl. Acad. Sci. USA 95 (1998) structure at its base. Moreover, the overlap between the tip of domain IV with the anticodon arm of A-site tRNA (11, 12) (Fig. 4) suggests that this domain displaces the A-site tRNA toward the P-site position by physical interaction with the anticodon arm, i.e., from the L7͞L12-stalk side to the L1 protein side (see Figs. 1B and 3C for structural reference), thereby effecting translocation, as is also suggested from recent nonstructural studies (5, 36) . After completion of this study, the EF-G position on the ribosome was reported, as derived by determining the proximal regions of rRNA to specific amino acids of EF-G by using the hydroxyl radical probing method (37) . Even though this study does not throw light on the conformational change of EF-G in the ribosome-bound state, it is in striking agreement with our results, as far as the positions of various EF-G domains and their proximity to specific components of the ribosomal structure (i.e., rRNA segments or ribosomal proteins) are concerned.
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